Oxidative stress is a major source of reactive carbonyl compounds that can damage cellular macromolecules, leading to so-called carbonyl stress. Aside from endogenously formed carbonyls, including highly reactive short-chain aldehydes and diketones, air pollutants derived from diesel exhaust like 9,10-phenanthrenequinone (PQ) can amplify oxidative stress by redox cycling, causing tissue damage. Carbonyl reductases (CRs), which are inducible in response to ROS, represent a fundamental enzymatic defense mechanism against oxidative stress. While commonly two carbonyl reductases (CBR1 and CBR3) are found in mammalian genomes, invertebrate model organisms like Drosophila melanogaster express no CR but a functional homolog to human CBR1, termed sniffer. The microcrustacean Daphnia is an ideal model organism to investigate the function of CRs because of its unique equipment with even four copies of the CR gene (CR1, CR2, CR3, CR4) in addition to one sniffer gene. Cloning and catalytic characterization of two carbonyl reductases CR1 and CR3 from D. magna and D. pulex arenata revealed that both proteins reductively metabolize aromatic dicarbonyls (e.g., menadione, PQ) and aliphatic a-diketones (e.g., 2,3-hexanedione), while sugar-derived aldehydes (methylglyoxal, glyoxal) and lipid peroxidation products such as acrolein and butanal were poor substrates, indicating no physiological function in the metabolism of short-chain aldehydes. Treatment of D. magna with redox cyclers like menadione and the pesticide paraquat led to an upregulation of CR1 and CR3 mRNA, suggesting a role in oxidative stress defense. Further studies are needed to investigate their potential to serve as novel biomarkers for oxidative stress in Daphnia.
Introduction
The imbalance between the generation of reactive oxygen species (ROS), and ROS-inactivation by scavenger systems produces oxidative stress, a major source of reactive carbonyl compounds. Due to their reactive nature, these carbonyl compounds can damage cellular macromolecules (DNA, proteins, lipids) and thereby compromise important cell functions, collectively often referred to as "carbonyl stress". Thus, oxidative stress has long been recognized as an important factor that contributes to aging and age-related diseases [1] [2] [3] . To protect themselves against oxidative damage, cellular organisms have evolved several enzymatic and nonenzymatic defense mechanisms.
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Carbonyl reductases are increasingly recognized as important enzymatic defense mechanisms to counteract the adverse effects of oxidative stress [4] [5] [6] [7] . In humans, important carbonyl-reducing enzymes are carbonyl reductase 1 (CBR1; SDR21C1) and carbonyl reductase 3 (CBR3; SDR21C2), both of which are paralogs that share a remarkably high sequence identity of more than 70%. They belong to the "short-chain dehydrogenases/reductases" (SDRs), a large protein superfamily that catalyzes NAD(H)/NADP(H)-dependent oxidoreductions and comprises more than 320 000 annotated members in sequence databases with 75 human genes known to date [8] .
While CBR1 displays a broad substrate acceptance and reduces several aromatic dicarbonyls (e.g., isatin, menadione, 9,10-phenanthrenequinone [PQ]), endogenous dicarbonyls (2,3-hexanedione), lipid peroxidation products such as 4-oxo-2-nonenal (4-ONE) and drugs (anthracyclines, bupropion), a substantially smaller number of substrates have been reported for CBR3 so far, including isatin and PQ [9, 10] . A common property of both CBR1 and CBR3 is that they are inducible in response to ROS [11, 12] confirming their significance as a defense mechanism against oxidative stress. Moreover, under glucotoxic conditions, CBR1 has been shown to protect pancreatic b-cells against oxidative stress and to promote their survival [6] .
While mammalian genomes commonly harbor two carbonyl reductases (CBR1 and CBR3), invertebrate model organisms like Drosophila melanogaster express no carbonyl reductase but a functional homolog to human CBR1, termed sniffer. Despite both genes have no common ancestry, sniffer is often referred to as "Drosophila carbonyl reductase", because similar to human CBR1 [13] , sniffer is also involved in the detoxification of lipid peroxidation products like 4-ONE [14] and has a neuroprotective function in Drosophila [15] .
In search for further model organisms for studying sniffer, our bioinformatics analyses revealed that this gene also exists in Daphnia magna and Daphnia pulex arenata. Most interestingly, both species not only have a gene for sniffer, but also additionally express four genes for carbonyl reductases (designated CR1, CR2, CR3, and CR4; Fig. 1 ).
The employment of D. magna in chemical safety testing has a long-standing tradition in toxicology. Daphnia also serves as a new important model for several research disciplines including ecotoxicology [16] and host-parasite interactions [17] . However, the Daphnia genome was widely unexplored until the release of the complete genome sequence of D. pulex (D. pulex arenata) in 2011 [18] , which has gained much attention from the scientific community [19] . Meanwhile, comprehensive sequence data are also available for D. magna [20, 21] , facilitating the identification of homologs of mammalian carbonyl reductases in Daphnia.
In this study, we report the cloning of all four Daphnia carbonyl reductases (CR1, CR2, CR3, and CR4) and the biochemical characterization of selected enzymes (CR1 and CR3) originating from D. magna clone Xinb3 and D. pulex arenata (clone "The chosen one"; hereafter designated "D. pulex").
It should be noted that "CR1", "CR2", "CR3", and "CR4" are generic names, i.e., "CR2" is not a homolog of the nonmammalian Cbr2 and "CR4" is not a homolog of the human CBR4 (SDR45C1). The prefix "Dma" stands for D. magna and "Dpu" refers to D. pulex.
Moreover, gene expression experiments with D. magna show the transcriptional regulation of CR1 and CR3 in response to redox cycling agents, suggesting a role for the Daphnia carbonyl reductases in the defense against oxidative stress. This is the first investigation of carbonyl reductases from the SDR superfamily in Daphnia ssp. on a functional level that reveals similarities and differences with human CBR1 and implies that D. magna CR1 and CR3 have the potential to serve as novel biomarkers for oxidative stress.
Results

Characterization of recombinant Daphnia carbonyl reductases
Similar to human CBR1 and CBR3, all Daphnia carbonyl reductases (Dma_CR1, Dma_CR2, Dma_CR3, Dma_CR4 from D. magna and Dpu_CR1, Dpu_CR2, Dpu_CR3, Dpu_CR4 from D. pulex) are monomeric proteins as confirmed by size exclusion chromatography (data not shown). The purified proteins appeared as a single band of a molecular mass of % 35-37 kDa on SDS/PAGE, which is consistent with the calculated size including the 6 9 His-tag and the TEV cleavage site of the modified pET28b vector (MGSSHHHH HHENLYLQGT; 2.1 kDa).
Two proteins from each species, namely Dma_CR1, Dma_CR3, Dpu_CR1, and Dpu_CR3, were selected for a subsequent biochemical and catalytic characterization. CR1 and CR3 were chosen, because in gene expression experiments with D. magna, both enzymes were inducible in response to their own substrates and redox cycling agents (see below, Figs 3-7), while levels of Dma_CR2 and Dma_CR4 remained unchanged. Thus, with respect to our working hypothesis that Daphnia carbonyl reductases are possibly involved in the defense against oxidative stress, their catalytic properties were of special interest.
Catalytic properties of CR1 and CR3 from D. magna and D. pulex
To define the substrate preferences of the purified enzymes, we first performed a substrate screening with a large spectrum of test substrates from different chemical classes encompassing aromatic dicarbonyls (1,2-and 1,4-quinones), aliphatic diketones (a-diketones and non-a-diketones), hydroxyketones, and aliphatic aldehydes, including lipid peroxidation products as well as precursors of advanced glycation end products (AGEs). These compounds were chosen as test compounds because they either are known substrates for human CBR1 [22, 23] (e.g., menadione, isatin, PQ), or they might indicate a function in the defense against lipid peroxidation products (e.g., acrolein, trans-2-hexenal) or toxic aldehydes derived from sugars (e.g., glyoxal, methylglyoxal). Aliphatic diketones represent a further class of potentially harmful carbonyl compounds that are formed during microbial fermentation or originate from sugars via the Maillard reaction (e.g., 2,3-pentanedione).
Because the initial screening identified aromatic dicarbonyls and aliphatic a-diketones as good substrates for all four enzymes tested, their kinetic constants were determined in subsequent experiments (see following section). For all other compounds for which the catalytic activity was low or even undetectable (e.g., aldehydes, monoketones and nona-diketones), the enzyme activity (reaction velocity v) was measured using one or two concentrations of the respective substrate.
Catalytic properties-kinetic data for aromatic and aliphatic dicarbonyls Please note that enzyme "affinity" refers to the "apparent affinity" of the respective enzyme. The results show that aromatic dicarbonyls such as PQ, menadione, and isatin bind all enzymes with higher affinity compared to aliphatic dicarbonyls. The ortho-quinone PQ had the smallest K m values (Michaelis constants) and 1,2-dicarbonyls seem to be preferred over 1,4-dicarbonyls: isatin and PQ bound with greater affinity compared to the para-quinones 1,4-naphthoquinone (1,4-NQ) and menadione.
Moreover, comparing CR1 with CR3 from both species, the latter isoform displayed pronounced greater affinities (i.e., smaller K m values) toward almost all compounds tested. For example, Dma_CR3 had a more than 100-fold smaller K m (1.2 lM) for 1,4-NQ than Dma_CR1 (K m 115 lM).
As initially revealed in the substrate screening experiments, a-dicarbonyl compounds such as diacetyl (2,3-butanedione), 2,3-hexanedione and 2,3-heptanedione represent good substrates for all enzymes investigated here. However, K m values were about 10 to 100-fold greater compared to aromatic dicarbonyl compounds, ranging from 24 to 638 lM (Tables 1 and 2 ). Remarkably, both enzymes from D. pulex bind the butter flavorant diacetyl (2,3-butanedione) with lower affinity (K m > 600 lM) compared to the corresponding D. magna proteins, which had K m values of around 200 lM. Moreover, among the aliphatic dicarbonyls the smallest K m values were determined with 3,4-hexanedione, an a-diketone with a symmetric structure ( Table 1 ). All enzymes preferred NADPH as a cofactor and no considerable activity was observed with NADH, which is a shared property with human CBR1 [22, 24] .
Catalytic properties-substrate screening
Reductase activity (NADPH)
Generally seen, aldehydes, monoketones, and nona-diketones were poor substrates for all investigated enzymes: activity could only be detected with (unphysiological) high substrate concentrations and larger amounts of protein (up to 1 lg) in the assay mixture. However, among those weak substrates, the sugarderived aldehyde methylglyoxal showed the greatest activity, because this compound bears also a keto group, which is likely the moiety being reduced rather than the aldehyde group. Conversely, the dialdehyde glyoxal was not reduced by any of the enzymes ( Table 3 ), illustrating that the reduction of aldehydes is not their physiological function. From all the lipidderived aldehydes tested, butanal was the best substrate, while the activities with unsaturated aldehydes trans-2-hexenal, crotonaldehyde, and acrolein were negligible. Monoketones like 3-hexanone and 2-hexanone were only metabolized by the CR3 isoforms Dma_CR3 and Dpu_CR3 but not by CR1. This is in accord with the generally higher affinities of the CR3 isoforms that were also observed with other substrates (e.g., aromatic and aliphatic substrates). Dma_CR3 was the only enzyme that was active with the non-a-diketone 2,5-hexanedione.
Dehydrogenase activity (NADP+)
Dehydrogenase activity of all enzymes was investigated with several substrates including the hydroxyketone acetoin, 2,3-butanediol and the aromatic alcohol 1,2,3,4-tetrahydro-1-naphthol using NADP + as the cosubstrate (Table 4) . No noteworthy dehydrogenase activity was observed with all compounds tested. It should be noted that a slightly higher reaction velocity was detectable at pH 9.0 (a condition, which is commonly applied for measuring dehydrogenase reactions) than at pH 7.4. Thus, dehydrogenase activity was tested using buffer at pH 9.0.
A schematic summary of the overall catalytic properties of all enzymes investigated here is presented in Fig. 2 .
Gene expression experiments with Daphnia magna
Because the regulation of the Daphnia carbonyl reductases was unexplored, we performed several preliminary experiments with different test compounds and treatments. We tested compounds that are substrates and/or known to produce oxidative stress (redox cyclers) as well as age-or time dependence, and effects of crowding and heat-shock on the expression of the D. magna CRs.
Time dependence
When daphnids were exposed to menadione for different durations (2 h, 4 h, 8 h, 24 h), a clear effect on Dma_CR1 mRNA expression of was first observed after only 4 h, which lasted over 24 h (Fig. 3) . The Dma_CR3 gene was also inducible, however, less pronounced, and only after a longer exposure time (8 h), declining after 24 h. Levels of both Dma_CR2 and Dma_CR4 were unchanged (not shown). It should be noted that after long-term treatment (24 h) of daphnids with the highest concentration of menadione (1 mgÁL
À1
; corresponding to 3.2 lM), signs of toxicity were observed such as colon bleaching and partly reduced agility. After 4 h and 8 h of exposure to 1 mgÁL À1 menadione, no alterations could be noted compared to control animals.
Age dependence
Our preliminary experiments indicated that after treatment with redox cycling agents, the Dma_CR1 gene was inducible more strongly in younger animals (< 48 h-old) than in 10-days-old daphnids (Fig. 4) . Thus, for subsequent experiments, animals aged between 4-6 days were chosen.
Effect of redox cycling agents and effect of antioxidant N-acetyl-L-cysteine
As several preliminary experiments with varying conditions (different clones, number of animals, ages, (Fig. 7) . Remarkably, the low concentration of menadione used in this experiment (0.25 mgÁL À1 corresponding to 800 nM) provoked a 3.8-fold increase in Dma_CR1 mRNA after 20 h of exposure, while NAc suppressed Table 2 . Kinetic constants of recombinant Daphnia pulex arenata (Dpu) carbonyl reductases and reported data for human CBR1. See reference [41] .
c See reference [23] . Table 3 . Substrate screening (carbonyl reductase activity, NADPH).
Substrate
Substrate concentration
Non-a-diketones 2,5-Hexanedione 5000 
this increased expression to almost basal levels (1.5-fold vs. control). This observation provides evidence for the involvement of oxidative stress in the transcriptional regulation of Dma_CR1. Furthermore, paraquat, a known redox cycling agent, was tested for its effect on the transcription of Daphnia carbonyl reductases. After 48 h of exposure, paraquat led to a clear concentration-dependent increase of the expression of both Dma_CR1 and Dma_CR3. Paraquat at a concentration of 30 mgÁL À1 led to the most pronounced upregulation of around 3-fold for both genes (Fig. 8) . This experiment was repeated five times with comparable results. Pilot experiments had shown that paraquat had no considerable effect after short-term exposures (4 h or 8 h); a small increase in the amount of Dma_CR1 and Dma_CR3 mRNA could be first observed after 20 h of exposure (not shown).
Treatment conditions with no effect on Dma_CR1 expression
Crowding
Because it has been reported that crowding can alter gene expression in Daphnia due to the accumulation of . Aromatic carbonyl compounds such as isatin and quinones (PQ, 1,4-NQ, menadione) represent the best substrates with highest affinities followed by a-diketones. Only low activity (reaction velocity v) was observed toward hydroxyketones, butanal and the AGEprecursor methylglyoxal. Only CR3 isoforms showed low activity with monoketones including 2-hexanone. No considerable activity could be detected with lipid-derived aldehydes, including trans-2-hexenal and acrolein. The dialdehyde glyoxal was not accepted as substrate by any of the enzymes. PQ; 9,10-phenanthrenequinone, 1,4-NQ; 1,4-naphthoquinone.
metabolic end products, we tested the effect of population density on the expression of Dma_CR1. For this experiment, 100 daphnids (< 24 h old) were reared either in 250 mL medium ("crowded", equal to four animals per 10 mL) or in 1800 mL medium ("noncrowded"; equal to 0.5 animals per 10 mL) for 4 days. Subsequently, all 15 animals were treated with menadione (1 mgÁmL À1 and 0.5 mgÁmL À1 ) of PQ (0.5 mgÁmL
À1
) for 5 h. RT-PCR analysis revealed no difference between both groups neither in constitutive nor in induced expression of Dma_CR1 (Fig. 9 ).
Heat-shock
Likewise, heat-shock had no effect on the level of Dma_CR1 (not shown). Animals were incubated at 25°C or 30°C for 30 min and allowed to recover for 4 h and 7 h. Similar conditions had a reported effect on the production of ROS [25] .
Juvenile hormone
Treatment with the sesquiterpenoid methyl farnesoate (400 nM and 50 nM for 20 h), a juvenile hormone-analog with reported function on Daphnia gene expression and male sex determinant [26, 27] had no effect on the level of Dma_CR1 (not shown). This suggests that Dma_CR1 is not regulated via nuclear receptors such as the methyl farnesoate receptor (MfR).
Discussion
Here, we describe the cloning and catalytic characterization of carbonyl reductases from two cladoceran species, Daphnia magna and Daphnia pulex. With respect to the expression of carbonyl reductases, Daphnia seem unique among other invertebrate model organisms: while both Drosophila melanogaster and C. elegans only express a gene for sniffer but no carbonyl reductase, the genomes of D. magna and D. pulex harbor both, sniffer and even four copies of the carbonyl reductase gene (Fig. 1) . As gene retention after duplication is thought to result from an adaptive response to environmental stressors, this suggests a special role of the Daphnia carbonyl reductases as a biochemical defense mechanism. This study was undertaken to explore the function of the Daphnia carbonyl reductases and to shed light on their hypothetical role in the defense against oxidative stress.
Catalytic activity
All four Daphnia carbonyl reductases investigated here (Dma_CR1, Dma_CR3, Dpu_CR1, Dpu_CR3) displayed similar overall substrate preferences with a decrease in substrate affinities in the following order: aromatic dicarbonyl compounds > aliphatic a-diketones >> monoketones, saturated and unsaturated aldehydes. It should be noted that enzyme activities with non-a-diketones, monoketones, and aldehydes were very low (e.g., butanal, propanal, acrolein, methylglyoxal) to nondetectable (e.g., glyoxal, trans-2-hexenal); thus, a physiological role in the metabolism and detoxification of these compounds by the Daphnia CRs seems very unlikely.
In humans, the enzymes predominantly responsible for the detoxification of small dicarbonyls derived from sugar degradation or lipid peroxidation like glyoxal and methylglyoxal are known to be glyoxalase and aldo-keto reductase AKR1B1 [28] . Likely, homologs of these enzymes, rather than the CRs, may function as an effective detoxification system for glyoxal, methylglyoxal and further aldehydes in Daphnia as well.
Aromatic dicarbonyls including ortho-and para-quinones as well as the structurally related compound isatin (1H-indole-2,3-dione), are high-affinity substrates for all four Daphnia carbonyl reductases with K m values in the low micro molar range. However, in both species the CR1 homolog had a far smaller affinity (i.e., greater K m ) for menadione (60 lM and 112 lM K m ) than the CR3 isoform (1.9 lM and 4.5 lM K m ), suggesting functional differences between both enzymes.
For all enzymes investigated, the ortho-quinone PQ was the substrate with the greatest affinity with K m values in the nanomolar range (0.26 -0.80 lM; Table 2 ). This is about 30-fold smaller than that reported for human CBR1 (K m 34.5 lM) and human CBR3 (K m > 78 lM) [23] .
Further enzymes from the SDR superfamily involved in the reduction of PQ in humans are DCXR [29] , CBR4 [30] and DHRS4 [31] . Moreover, PQ is an established substrate for aldo-keto reductases AKR1B10 [32] and AKR1C3 [33] . As our initial bioinformatics analyses have revealed the existence of homologs of DCXR, DHRS4 and AKRs in the sequence data of both D. magna and D. pulex, it is expected that the Daphnia carbonyl reductases are not the only enzymes that contribute to the metabolism of PQ.
From a toxicological point of view, PQ is an important substrate, because it is generated during the combustion of organic matter and therefore is abundantly found in ambient air of urban areas, exhaust fumes and also cigarette smoke. Up to 24 lgÁg À1 of PQ have been detected in diesel exhaust particles [34] , which together with other airborne particulate matter are responsible for adverse health effects such as cardiopulmonary diseases. Toxicity of PQ is mainly attributed to its ability to undergo redox cycling that is accompanied by the release of ROS [32, 35, 36] . As a result of the increasing public concern toward airborne particulate matter including ultrafine particles that can even enter the systemic circulation [37] , the biochemical effects of PQ have been intensively studied using cell lines and animal models [36, 38] . Our study increases our current knowledge about the enzyme-mediated defense mechanisms by which simple lineages like Daphnia protect themselves against quinone toxicity and identified two novel enzymes (Daphnia CR1 and CR3) with high affinity for the PAH metabolite PQ.
The nonquinone compound isatin, is an endogenous indole found in several mammalian tissues and body fluids [39] . Isatin has been identified as an important physiological substrate for human CBR1 [40] with K m values comparable to those of the Daphnia CR1, ranging from 2 lM [41], over 7.8 lM [23] to 9.5 lM [40] .
The substrate affinity of the second human isoform, (CBR3) toward isatin was orders of magnitude smaller (> 4000 lM), with no typical Michaelis-Menten kinetic observable [23] . The reported catalytic efficiency (k cat / K m ) of human CBR1 for isatin [23] (Tables 1 and 2 ), supporting the relevance of isatin being a physiological substrate for human CBR1. As our kinetic data for a third Daphnia CR, Dma_CR2 (K m 0.9 lM) and Dpu_CR2 (K m 4.8 lM) also document high affinities toward isatin (unpublished data), it might be concluded that, at least with respect to isatin, a greater catalytic divergence likely exists between human CBR1 and CBR3 than between the Daphnia homologs.
Aliphatic a-diketones represent a second group of preferred substrates for the Daphnia CRs, however, with substrate affinities of about 10-100-fold smaller than those for aromatic dicarbonyls. Aliphatic a-diketones such as diacetyl or 2,3-pentanedione are widely used as artificial flavorings for beverages, candy, and coffee. Especially diacetyl is known as respiratory tract irritant that is responsible for the development of a severe lung disease, bronchiolitis obliterans, known as "popcorn worker's lung" [42] . The recent increase in popularity of electronic cigarettes, which are used with flavors (e-liquids) containing a-diketones, has stimulated new scientific interest in the toxicological properties of these compounds [43] [44] [45] .
Diacetyl and other a-diketones also occur naturally in some foods and beverages as by-products of microbial fermentation [46] or arise through degradation of carbohydrates via the Maillard reaction [47] . In mammalian hepatic tissue, small amounts of diacetyl can also occur endogenously through oxidation of acetoin and 2,3-butanediol, both of which are metabolites of acetaldehyde, which itself is a metabolite of ethanol [48] . Evidence is accumulating that diacetyl is a compound with toxicological significance as it can irreversibly inhibit erythrocyte pyruvate kinase [49] , affect permeability of the mitochondrial membrane by reacting with critical arginine residues [50] and can lead to protein cross-linking, resulting in enzyme inactivation [51] .
Diacetyl reductase activity in mammalian tissues has been described as early as 1970 [52] and the enzyme responsible for the detoxification of diacetyl was later identified as dicarbonyl/L-xylulose reductase (DCXR), another member of the SDR superfamily [53] . Human DCXR exhibits a relatively small K m value for diacetyl (77 lM) compared to that of the Daphnia CRs (200-600 lM), suggesting that this diketone is possibly not their physiological substrate. However, as we have identified homologs of DCXR in the genomes of both D. magna and D. pulex, which are currently under investigation in our laboratory, it is possible, that the Daphnia DCXRs display a greater activity toward diacetyl and structural homologs with longer aliphatic chains. Human CBR1 is also capable to reduce a-diketones like 2,3-hexanedione with a K m value of 217 lM (unpublished results). Interestingly, substrate affinities of the Daphnia CRs for 2,3-hexanedione span a region from around 50 lM to 166 lM K m (Dpu_CR1) suggesting a different significance of the individual enzyme in the detoxification of a-diketones.
Comparison of Daphnia carbonyl reductases with sniffer from Drosophila
As mentioned, sniffer from Drosophila melanogaster and human CBR1 are two unrelated genes, which is reflected by their relatively low sequence identity of 27.4% at the protein level [54] .
Furthermore, an annotation at the protein level shows that human CBR1 and CBR3 are members of the same SDR subfamily (SDR21C), while sniffer belongs to the subfamily SDR348C, supporting their divergence (for reference please see http://sdr-enzymes. org).
The interested reader is referred to the ENSEMBL database (Ensembl resource of "comparative genomics"; http://www.ensembl.org/Homo_sapiens/Gene/ Compara_Ortholog?db=core;g=ENSG00000159228; r = 21:36069941-36073166), which provides a list of genes phylogenetically related to human CBR1, showing that the fruitfly has no ortholog with human CBR1 (ENSEMBL ID: ENSG00000159228). This is adding further support for the evolutionary divergence of both sniffer and human CBR1.
Comparing the catalytic properties of the Daphnia CRs with that of sniffer, some differences as well as similarities are obvious. First, similar to the Daphnia CRs, sniffer reduces both PQ and menadione [54] ; however, the reported enzyme affinity for menadione was relatively low (250 lM K m ) compared to, for example, Dma_CR1 (60.7 lM K m ) or Dma_CR3 (1.9 lM K m ).
By contrast, PQ was also a high-affinity substrate for sniffer (1 lM K m ) [54] as it is for the CRs from Daphnia. Unlike sniffer, which is active with aldehydes (e.g., nitrobenzaldehyde, 200 lM K m ), the Daphnia CRs showed only insignificant activity toward aldehydes.
Transcriptional regulation-response to oxidative stress ROS can be generated via several environmental stimuli in Daphnia including UV irradiation [55] heat-shock [25] (e.g., in shallow ponds) or even through normal metabolic activity [56] . It is well established that in Daphnia the toxic effect of many chemicals such as redox cycling agents [57] , transition metal ions [58] , and nanoparticles [59] are largely based on the intracellular production of ROS, as upregulation of antioxidant enzymes or increase in lipid peroxidation products has been reported. Activities of classic antioxidant enzymes such as catalase (CAT), superoxide dismutase (SOD) or glutathione-S-transferase (GST) usually serve as biomarkers for oxidative stress in Daphnia [57, 60, 61] . Our results suggest that, at least at the level of gene transcription, the Daphnia carbonyl reductases Dma_CR1 and Dma_CR3 may serve as additional biomarkers for Crowding had no effect on the basal and inducible expression of the Dma_CR1 gene. Daphnids were cultured as described in the Results section and subsequently treated with menadione (1 mgÁmL À1 and 0.5 mgÁmL
À1
) for 5 h.
oxidative stress. Both genes displayed a distinct pattern of expression kinetics, as Dma_CR1 was promptly inducible after short-term treatments (4 h), while the induction of Dma_CR3 mRNA was delayed. The strongest effect on the expression of Dma_CR3 was observed after long-term-treatment (48 h) with paraquat, suggesting that the regulation of this isoform requires prolonged oxidative stress. Paraquat is a systemic herbicide and known redox cycling agent whose toxicity is mainly based on the production of ROS leading to oxidative stress. Barata et al. reported an increase in antioxidative enzyme activity after exposure of D. magna to paraquat for 48 h [57] . A possible explanation of the different temporal effects on gene transcription between menadione and paraquat is that menadione is an excellent substrate for (at least two and possibly all four) Daphnia CRs. Thus, menadione is constantly metabolized and its concentration might therefore decrease in the test-medium resulting in a decline of mRNA after 24 h, while paraquat is not a substrate for the CRs but requires a longer period of time to exert its effect on gene induction.
Our preliminary experiments show also an elevated Dma_CR1 mRNA level after incubation of daphnids with endosulfan (unpublished results), a polychlorinated insecticide that produces oxidative stress, further substantiating that oxidative stress may be involved in the transcriptional regulation of, at least, Dma_CR1.
Interestingly, both Dma_CR2 and Dma_CR4 behaved more like housekeeping genes, as they did not respond to any of the treatments with redox cyclers (menadione, PQ and paraquat) under the applied experimental conditions, which indicate either greater stability of their mRNA or protein.
It would be interesting to investigate, whether an upregulation at the level of mRNA is accompanied by an increased enzyme activity of Dma_CR1 or Dma_CR3. However, in a different way from catalase, which has a unique substrate, enzyme activity of Dma_CR1 and Dma_CR3 in vivo is challenging to investigate: first, both enzymes have a similar substrate spectrum, and second, as many AKRs are upregulated in response to ROS [62] , most likely Daphnia AKRs will be co-induced after treatment with redox cyclers as well. Thus, given that the AKRs have a substrate spectrum overlapping with that of the CRs, as it is known for the human homologs, a unique assignment of observed catalytic activity to one distinct enzyme is very difficult.
Future research is needed to explore the catalytic properties of Daphnia AKRs and their significance in the detoxification of carbonyl compounds in relation to the Daphnia CRs.
In conclusion, the catalytic characterization of the Daphnia CRs revealed their high affinity toward aromatic dicarbonyls including redox cyclers such as PQ, implying their physiological role in the detoxification of quinones. Most possibly, the Daphnia CRs work in a way similar to human CBR1, which mediates a twoelectron reduction of quinones and thereby surpasses the formation of the semiquinone radical capable of redox cycling and production of ROS. Thus, by generating a hydroquinone that can be removed from the cells after conjugation to glucuronic acid, carbonyl reductases provide an effective detoxification system for quinones and thereby protect against oxidative stress.
Moreover, the Daphnia CRs reduce aliphatic a-diketones that occur endogenously or are used as flavorants in foods and e-liquids. Due to their chemical structure, a-diketones such as diacetyl are electrophiles that are known to form covalent protein modifications by reacting with amino-groups of lysine [63] and arginine [64] . Further modes of toxicity are the production of ROS and DNA modification and subsequent cell damage [65, 66] . Our results indicate that, similar to human carbonyl-reducing enzymes from the SDR and AKR superfamily [67] , the Daphnia CRs investigated here reduce only one carbonyl moiety of a-diketones to give hydroxyketones as the catalytic activity toward acetoin (the reaction product of diacetyl) was negligible. Thus, by reducing a-diketones, the formation of ROS and carbonylated proteins is prevented. In this view, a protective role against oxidative stress provoked by a-diketones can be attributed to the Daphnia CRs.
However, in contrast to human CBR1 [13] , no noteworthy activity could be observed toward unsaturated aldehydes, such as trans-2-hexenal and 4-oxononenal, indicating that aggressive aldehydes derived from lipid peroxidation will be detoxified by enzymes other than CRs in Daphnia.
The pronounced induction of Dma_CR1 and Dma_CR3 mRNA in D. magna after exposure to redox cyclers suggests that both genes have the potential to serve as novel biomarkers for oxidative stress in addition to established biomarkers like CAT, SOD, and GST. 
Materials and methods
Chemicals
Amplification and cloning of Daphnia carbonyl reductases
To identify carbonyl reductases in D. magna and D. pulex arenata (clone "The chosen one"), we performed BLAST searches on D. magna genomic data and D. pulex transcriptomic data, respectively, with murine Cbr1 as the probe. D. magna (clone Xinb3) and D. pulex specimens served as a source for a cDNA library that was used to clone all four carbonyl reductases (designated CR1, CR2, CR3, and CR4).
Total RNA was isolated from 50-100 daphnids homogenized in 1 mL TRIzol reagent for 30 s on ice using an Ultra-TURRAX. All subsequent steps were carried out according to the manufacturer's protocol with an additional 70% ethanol wash. RNA concentration was determined with a Qubit Fluorometer (Qubit HS RNA Assay kit). Denaturing agarose-formaldehyde gel electrophoresis according to standard protocols was used to check RNAintegrity.
After DNAse I digestion of 4 lg RNA (Promega, RQ1 RNAse-free DNAse kit), the cDNA synthesis was performed in duplicate with either oligo(dT) primers which anneal to mRNA with intact poly-A tails or random hexamer primers, which allow for the reverse transcription of total RNA including ribosomal RNA (rRNA). The DNAfree RNA so obtained was used for the synthesis of cDNA using RevertAid H minus reverse transcriptase for 60 min at 42°C.
The coding sequences of the Daphnia carbonyl reductases were amplified with Phusion HotStart II proof-reading DNA polymerase (Thermo Fisher Scientific). PCR reactions were carried out in a total volume of 50 lL, with 2 lL of cDNA and 2% (v/v) of DMSO. The PCR products were cloned into the respective restriction sites of a bacterial expression vector (pET-28b, [Novagen, Darmstadt, Germany], with a modified thrombin cleavage site that was exchanged for a TEV cleavage site) and the sequences were verified by Sanger sequencing (Institute of Clinical Molecular Biology, Kiel, Germany). Primer sequences and PCR conditions are listed in Tables 5 and 6 .
Animal cultures
D. magna isoclonal cultures were established from a field clone isolated 2013 from a local permanent pond (Kiel, Schleswig-Holstein, Germany) and maintained in aerated ADaM (Aachener Daphnia Medium; http://evolution.uniba s.ch/ebert/lab/adam.htm). Species identity was verified by microscopic analysis of the abdominal claw and sequencing of the 18 S rRNA gene.
A clonal line was established from the offspring of a single female and reared at 20 AE 1°C, with a photoperiod of 16:8 h light:dark and fed daily with live microalgae (Chlorella vulgaris and Scenedesmus obliquus) ad libitum. Test animals were collected daily and maintained in 2-L glass beakers at a density of 100 animals per 2 L. Medium was renewed every 2-4 days.
Exposures
Daphnids were cultured for 2-10 days (as indicated in the figures) and exposed to 100 mL of test solutions freshly prepared in ADaM with 10 animals per replicate in glass beakers. Solvent controls were included in each experiment (maximum concentration was 0.01% (v/v) DMSO).
Prior to long-term exposures (48 h), daphnids were fed algae for at least 3 h. No food was provided during exposures. Treatments with light-sensitive compounds (menadione, PQ) were performed protected from light.
RNA isolation and cDNA synthesis
Exposed daphnids were transferred to 2-mL Eppendorf tubes, washed once with ADaM and placed on ice for immobilization. Medium was removed and daphnids were homogenized in RNA lysis buffer (RNA Mini Prep Kit, Carl Roth, Germany) using an Ultra-TURRAX. Genomic DNA was removed with spin columns provided with the kit. RNA was purified according to the manufacturer's protocol, quantified with Qubit HS RNA Assay kit on a Qubit 2.0 Fluorometer and stored at À80°C until further analysis. Five hundred nanograms of RNA was reverse transcribed using RevertAid H minus reverse transcriptase with 100 pmol of oligo (dT)18 as primer for 60 min at 42°C.
Reverse transcription polymerase chain reaction (RT-PCR)
Hotstart PCR was performed with Phire II Hotstart DNA polymerase in a total volume of 20 lL containing 2 lL of cDNA, 500 nM RT-Primer, 200 lM dNTPs, 1.5 mM MgCl 2 and 2% (v/v) DMSO.
The thermal cycling comprised an initial denaturation step at 98°C for 30 s, followed by 18-25 cycles of denaturation at 98°C for 10 s, annealing at 60°C or 72°C for 15 s, and extension at 72°C for 15 s and a final extension step at 72°C for 2 min. Daphnia magna GAPDH or actin served as housekeeping genes. Amplified PCR products were separated electrophoretically on 1.5% agarose, visualized by staining with GelRed TM (Biotest, Mannheim, Germany) and documented digitally with Intas Gel-imaging system (Intas, Goettingen, Germany). Densitometric analyses were performed with GIMP software (version 2.8). To confirm the integrity of the isolated RNA, RT-PCR was performed with primers that amplify the whole coding sequence of the CR genes. Primer sequences, Accession numbers, and annealing temperatures are listed in Table 5 .
Expression and purification of recombinant protein
Recombinant Daphnia carbonyl reductases were produced as described previously [68] . In brief, the pET-28b vector induced by adding IPTG (1 mM final concentration) at an optical density OD 600 nm of 0.4. To prevent the formation of inclusion bodies, cultures were incubated at 18°C and harvested 18 h after induction by centrifugation (3000 g for 15 min). E. coli cells were then treated with lysis buffer on ice and disrupted by ultrasound on ice. The 100 000 g supernatant was purified by nickel-affinity chromatography using an € Akta purifier FPLC system equipped with a HisTrap HP column (1 mL, GE Healthcare, Freiburg, Germany). After purification, the protein was rebuffered by dialysis (at 4°C, overnight) in 20 mM Tris buffer containing 200 mM NaCl and 10% (v/v) glycerol, (pH 7.4). Enzyme activity was routinely checked with two concentrations of standard test substrates (isatin or 2,3-hexanedione). Active proteins were aliquoted, flash frozen in liquid nitrogen and stored at À80°C. Protein concentrations were determined according to the Bradford protocol with bovine serum albumin as the standard. Protein purity was checked by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS/PAGE).
SDS/PAGE
Proteins were separated on 4-12% acrylamide (TruPAGE Bis-Tris gels; Sigma-Aldrich, Munich, Germany) with both reducing agents in running buffer and sample buffer, and stained with Coomassie Blue.
Substrate screening and enzyme kinetics
Enzyme kinetics were determined with an UV/VIS multiwell plate reader (BioTek, Bad Friedrichshall, Germany) by measuring the consumption of the cofactor NADPH by the decrease of light absorption at 340 nm. The standard reaction mixture consisted of substrate, 100 lM NADPH, 10 mM potassium phosphate buffer, pH 7.4, and enzyme (maximal 300 ng final concentration for enzyme kinetics and 1 lg for screening with low-affinity substrates) in a total volume of 340 lL. The reactions were performed at a constant temperature of 25°C and were started by addition of enzyme. Kinetic constants were calculated with the program GraphPad Prism (version 6) using the nonlinear regression dialog. Experiments were performed at least in triplicates.
